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lution,	 and	 spatial	 resolution.	 In	 the	hierarchical	 analysis,	 variance	 in	both	metrics	
emerged	primarily	at	the	species	level	and	substantially	less	variance	was	associated	





weighted	mean	 rbio,	 reflecting	 the	 consistent	 numeric	 dominance	 of	 small	 prey	 in	













freshwater	 ecosystems	 (Dickie,	 Kerr,	 &	 Boudreau,	 1987;	 Trebilco,	
Baum,	Salomon,	&	Dulvy,	2013).	 In	most	 instances,	predators	feed	
on	 smaller‐bodied	 prey	 (Barnes,	 Maxwell,	 Reuman,	 &	 Jennings,	
2010;	Brose,	Jonsson,	et	al.,	2006;	Cohen,	Pimm,	Yodzis,	&	Saldana,	
1993).	 Predator‐to‐prey	 body	 mass	 ratios	 (PPMR)	 are	 particularly	
relevant	 for	 understanding	 regularities	 in	 the	 size	 structuring	 of	
predator–prey	interactions	in	food	webs	and	can	vary	based	on	indi‐
vidual‐	or	species‐level	attributes	of	predators	(Barnes	et	al.,	2010;	
Brose,	 Jonsson,	 et	 al.,	 2006;	 Nakazawa,	 Ushio,	 &	 Kondoh,	 2011;	
Reum	&	Hunsicker,	2012).	Importantly,	food	web	structure	and	dy‐







first	 size	 spectrum	models	were	 developed	 to	 explain	 remarkably	
consistent	size	spectra	slopes	 in	pelagic	food	webs	(Sheldon	et	al.,	
1972;	Sprules	&	Barth,	2015),	with	recent	extensions	developed	to	
investigate	 human	 and	 environmental	 impacts	 on	 marine	 ecosys‐






2017).	 The	 two	 approaches,	 however,	 conceptualize	 PPMR	differ‐
ently,	 with	 implications	 for	 how	 PPMR	 should	 be	 calculated	 from	
empirical	diet	data.
A	central	premise	in	all	size	spectrum	models	is	that	the	size	of	
prey	 consumed	 is	 linked	 to	 the	 size	of	predators,	 although	 specif‐















estimation	of	preferred	PPMR	 is	challenging	because	 this	 requires	
knowledge	 of	 realized	 PPMR	 and	 the	 size	 composition	 and	 abun‐
dance	of	encountered	prey	(Floeter	&	Temming,	2003;	Tsai,	Hsieh,	
&	 Nakazawa,	 2016;	 Ursin,	 1973,	 1974).	 Alternatively,	 it	 may	 be	
possible	to	approximate	preferred	PPMR	with	a	simple	offset	from	







gregate	community	biomass	 is	 indexed	by	body	size	 (Blanchard	et	
al.,	2017).	The	models	define	PPMR	as	a	realized	community‐wide	
mean	 that	 is	 constant	 across	 predator	 sizes.	 Consequently,	 PPMR	
sets	the	prey	size	class	that	supports	production	 in	a	given	preda‐
tor	size	class	(e.g.,	Borgmann,	1987;	Sheldon,	Sutcliffe,	&	Paranjape,	












eterize	 equilibrium	 size	 spectrum	 models	 (Jennings	 &	 Blanchard,	
2004).	Realized	community‐wide	mean	PPMR	influences	food	chain	
length,	 transfer	 efficiency,	 and	 size	 spectrum	 slopes	 (Jennings	 &	
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estimates	of	 realized	 community‐wide	mean	PPMR	 in	 static	 size	



















































Here,	we	use	diet	data	 for	34	 species	of	 fish	predators	 from	
Alaskan	marine	 ecosystems	 (Livingston	 et	 al.,	 2017)	 to	 estimate	
mean	rnum	and	mean	rbio.	Specifically,	we	used	hierarchical	models	
to	 examine	how	mean	 rnum	 and	mean	 rbio	 changes	with	predator	
body	mass.	Dynamic	size	spectrum	models	suggest	that	mean	rnum 
should	 exhibit	 an	 overall	 positive	 increase	 with	 predator	 body	
mass	and	a	secondary,	nonlinear	scaling	due	to	oscillations	in	the	
relative	 abundances	 of	 small	 and	 large‐bodied	 prey	 (Hartvig	 et	
al.,	 2011).	The	models	predict	oscillatory	behavior	 in	 the	 scaling	
of	 biomass	with	 body	mass,	whereby	 traveling	waves	 propagate	
down	the	size	spectrum,	reflecting	the	growth	of	individuals	into	
successively	 larger	 size	classes	 (Law,	Plank,	&	James,	2009).	The	
relative	encounter	rates	of	small	and	large‐bodied	prey	within	the	
feeding	kernel	of	predators	changes	with	predator	size,	resulting	
in	 nonlinear	 patterns	 in	 community‐wide	 mean	 Rnum	 with	 body	
mass	(Hartvig	et	al.,	2011).	In	cross‐system	studies	using	empirical	
diet	data,	 individual‐link	PPMR	appears	 to	 increase	 linearly	with	
predator	body	sizes	on	log–log	scales	(Barnes	et	al.,	2010;	Brose,	
Jonsson,	 et	 al.,	 2006;	 Nakazawa	 et	 al.,	 2011)	 and	 nonlinearity,	
while	tested	for	infrequently,	has	been	observed	in	one	intensively	
sampled	food	web	(Reum	&	Hunsicker,	2012).	In	addition,	we	eval‐
uated	 how	 predator	 taxonomic	 resolution	 and	 spatial	 resolution	
account	 for	 variance	 in	mean	 rnum	 and	mean	 rbio.	 Previous	 anal‐
yses	 have	 shown	 considerable	 variation	 in	 individual‐link	 PPMR	
across	taxonomic	groupings	(Naisbit,	Kehrli,	Rohr,	&	Bersier,	2011;	
Nakazawa	et	al.,	2011),	but	variation	with	spatial	scale	has	received	
little	 attention.	We	use	 the	 fitted	hierarchical	model	 to	produce	
a	preliminary	estimate	of	 community‐wide	mean	 rbio	 to	compare	
with	realized	community‐wide	mean	rnum	and	describe	implications	
for	food	web	analysis	and	size‐based	food	web	modeling.















Species	 selected	 for	 stomach	contents	 analysis	 varied	 interan‐
nually.	“Core”	commercial	species,	including	walleye	pollock,	Pacific	




all	 commercial	or	ecologically	 important	 species	over	a	5‐year	pe‐
riod	 (Livingston	 et	 al.,	 2017).	 Individuals	 chosen	 for	 stomach	 con‐
tent	analysis	were	selected	to	span	a	wide	body	length	range	given	
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individually	weighed	and	measured	their	stomach	contents	are	pre‐











described	 are	 available	 through	 an	online	 database	maintained	by	





















and	was	required	because	there	has	been	 little	focus	 in	many	 large‐
scale	 diet	 studies	 on	 acquiring	 individual	 body	 size	 measurements	
for	 small‐bodied	 prey.	 Although	 authors	 have	 reasonably	 cautioned	
against	using	mean	body	sizes	of	either	predators	or	prey	to	calculate	
PPMR	(Nakazawa,	2015,	2017;	Nakazawa	et	al.,	2011),	we	believe	the	





For	 predators,	 individual	 body	 mass	 was	 not	 always	 recorded	
(46%).	In	these	cases,	body	mass	was	estimated	using	species‐spe‐
cific	 length–weight	relationships	fitted	to	 individual	 length–weight	
















Weighted	 mean	 rnum	 for	 all	 i = 1,	 …x	 predators	 in	 any	 defined	
group	(Rnum)	was	calculated	as	follows:











on	 specific	 total	 prey	mass	 standardizes	 for	 energetic	 importance	
given	 small	 variations	 in	 individual	 predator	 body	 sizes	within	 the	
predator	 body	 mass	 classes	 and	 extends	 the	 same	 prey	 biomass	
weighting	 approach	 used	 for	 rbio
i



























































program	 v.	 3.3	 (R	 Development	 Core	 Team,	 2015).	 The	 library	
utilizes	the	software	package	“Stan”	which	employs	Hamiltonian	
Monte	 Carlo	 and	 its	 extension,	 No‐U‐Turn	 Sampler.	 The	 algo‐





on	 the	 standard	deviation	of	 each	 random	effect,	with	 location	









tervals	were	 constructed.	 To	 ensure	 convergence,	 traceplots	 of	







2014).	With	 the	 fitted	models,	we	examined	 the	 relative	 impor‐
tance	of	each	level	of	nesting	in	terms	of	prediction	improvement.	
This	was	performed	by	evaluating	the	Bayesian	R2	or	“explained	
variance”	 (Gelman	&	Pardoe,	2006)	of	 the	model	using	only	 the	
fixed	 effects	 coefficients	 for	 prediction	 and	 then	 with	 addi‐
tional	 random	 effects	 coefficients	 associated	with	 successively	
lower	levels	of	nesting.	The	Rnum	and	Rbio	values	submitted	to	the	





PPMR	 for	 the	 sampled	 communities)	were	 calculated	 from	preda‐
tor	species,	size	class,	and	subregion	Rbio	as	follows.	First,	the	fitted	
hierarchical	model	was	used	to	predict	Rbio	(̂Rbio)	across	size	classes	
and	 subregions	 for	 each	 predator	 species.	 For	 clarity,	 we	 use	 the	
subscripts	a,	b,	 c,	 and	d	 to	 index	 size	 class‐,	 species‐,	 region‐,	 and	
subregion‐specific	estimates.	Second,	for	each	size	class	and	preda‐
tor	 species,	 region‐level	 estimates	 (Rbio
a,b,c





where qa,b,c,d	 represent	 the	 proportional	 contribution	 of	 predator	
species	to	total	community	biomass	within	a	given	size	class,	region,	
and	subregion:






















the	 species	 ( ̂Rbio
a,b
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3  | RESULTS
Diets	from	170,689	individual	predators	were	included	in	the	analy‐
sis,	 from	34	 fish	 species	 in	 10	 families	 and	 six	 orders	 (Supporting	
Information	 Table	 S1).	 Collectively,	 fish	 predator	 body	 masses	
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species,	respectively	(Supporting	Information	Figures	S1	and	S2).	As	
for	Rbio,	 inclusion	 of	 region‐	 and	 subregion‐level	 coefficients	 only	
modestly	increased	the	range	of	predicted	values	(Figure	3).
Evaluation	 of	 Bayesian	 R2	 also	 highlighted	 the	 relative	 impor‐
tance	 of	 species‐level	 coefficients	 in	 accounting	 for	 variation	 in	
the	data	(Figure	4).	For	Rbio,	the	fixed	effect	“explained”	only	10.4%	
of	 variance,	 with	 inclusion	 of	 order‐	 and	 family‐level	 coefficients	
increasing	 this	 to	 just	 15.2%	 and	 24.6%,	 respectively.	 But,	 at	 the	
species	level,	R2	improved	substantially	to	69.5%.	Further	including	












Typically,	 median	 community‐wide	mean	Rnum	was	 0.5–1	 order	 of	











the	 Alaskan	 food	webs,	 community‐wide	mean	Rnum	 exceeded	Rbio 
by	0.5–1	orders	of	magnitude.	Consequently,	equilibrium	predictions	
of	 food	 chain	 length	 and	 the	 unexploited	 size	 spectrum	 slope	 (e.g.,	
Jennings	 &	 Blanchard,	 2004;	 Jennings	 &	Mackinson,	 2003)	 will	 be	
under	and	over‐estimated,	respectively,	if	community‐wide	mean	Rnum 






F I G U R E  4  Bayesian	explained	variance	(R2)	of	the	model,	
sequentially	adding	in	higher	levels	of	nested	random	effects.	Error	
bars	indicate	the	95%	highest	posterior	density	credible	intervals
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is	used	in	place	of	Rbio.	For	instance,	selecting	a	PPMR	of	104	instead	of	
103	increases	the	predicted	unexploited	biomass	of	large	(104–104.1	g)	

























A	 strength	of	 this	 study	 is	 that	PPMR	was	defined	 for	 region‐
ally	discrete	communities	which	would	also	be	defined	as	commu‐
nities	 for	 developing	 size	 spectrum	 models.	 A	 general	 prediction	
of	 dynamic	 size	 spectrum	 models	 is	 that	 community‐wide	 mean	
Rnum	(or	Rbio)	will	vary	with	predator	body	mass	in	a	nonlinear	man‐
ner	 over	 body	mass	 ranges	 of	 approximately	 three	 to	 four	 orders	
of	 magnitude	 but	 exhibit	 an	 overall	 increasing	 trend	 over	 larger	
ranges	 (Hartvig	et	al.,	2011).	 Interestingly,	a	 roughly	dome‐shaped	






nonlinear	 relationships	 between	 community‐wide	 mean	 Rbio	 and	


































more	precisely	 in	experiments	 (e.g.,	Ursin,	1973),	but	 these	closed	



















imize	 the	 level	 of	 bias	by	estimating	undigested	prey	masses	with	
length	 data	when	possible	 and	 limiting	 analysis	 to	 prey	 that	were	
largely	intact	(>75%).	In	addition,	we	assumed	that	the	relative	abun‐
dances	 of	 differently	 sized	 prey	 in	 predator	 stomachs	 are	 propor‐
tional	to	the	rates	at	which	they	are	consumed.	If	digestion	rates	are	
slower	 for	 large‐bodied	prey	 compared	 to	 small‐bodied	prey,	 they	
may	be	overrepresented	 in	 the	diet	data,	artificially	 lowering	both	
Rbio	and	Rnum.	Prey	digestion	rates	may	also	vary	by	prey	type	and	
body	composition,	but	in	the	absence	of	information	on	species‐spe‐




assumptions	 regarding	 the	 trophic	 fractionation	of	nitrogen	stable	
isotopes	(Jennings,	2005;	Reum	et	al.,	2015).	Finally,	our	analysis	was	
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(https://www.afsc.noaa.gov/RACE/groundfish/survey_data/ 
data.htm).	The	Rnum	and	Rbio	values,	body	mass	predictor	variables,	
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